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Abstract: A growing body of evidence currently proposes that deep learning approaches can serve
as an essential cornerstone for the diagnosis and prediction of Alzheimer’s disease (AD). In light of
the latest advancements in neuroimaging and genomics, numerous deep learning models are being
exploited to distinguish AD from normal controls and/or to distinguish AD from mild cognitive
impairment in recent research studies. In this review, we focus on the latest developments for AD
prediction using deep learning techniques in cooperation with the principles of neuroimaging and
genomics. First, we narrate various investigations that make use of deep learning algorithms to
establish AD prediction using genomics or neuroimaging data. Particularly, we delineate relevant
integrative neuroimaging genomics investigations that leverage deep learning methods to forecast
AD on the basis of incorporating both neuroimaging and genomics data. Moreover, we outline
the limitations as regards to the recent AD investigations of deep learning with neuroimaging and
genomics. Finally, we depict a discussion of challenges and directions for future research. The main
novelty of this work is that we summarize the major points of these investigations and scrutinize the
similarities and differences among these investigations.

Keywords: Alzheimer’s disease; artificial intelligence; deep learning; genomics; machine learning;

multi-omics; neuroimaging; single nucleotide polymorphisms

1. Introduction

Alzheimer’s disease (AD), a progressive brain disorder, is a critical health issue in
terms of global health, public health, and population health in the world [1]. Understanding
disease progression of AD and facilitating an early diagnosis of AD have been a focus
of attention in the fields of neuroimaging and genomics in the past decade [2]. Since
2007, numerous genome-wide association studies (GWASs) have also been performed to
identify genetic variants such as single nucleotide polymorphisms (SNPs) associated with
AD [3]. Due to the improvements of artificial intelligence (AI) technologies, researchers
have continued making notable contributions in the multi-disciplinary fields of machine
learning, deep learning, neuroimaging, genomics, and the diagnosis and prediction of
AD [4,5]. Up-to-date advances in Al technologies, in particular deep learning techniques,
have exhibited their advantageous impacts in connection with health-related and genomic
medicine applications [6-10]. For the tasks of the diagnosis and prediction of AD, the
goal of computer-aided Al methods such as deep learning models is to facilitate data-
driven algorithms that can on the whole help improve the diagnosis accuracy of AD
using neuroimaging and/or genomics data [4,5]. For example, deep learning models
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such as convolutional neural networks (CNNs) have been utilized to detect AD using
neuroimaging data such as magnetic resonance imaging (MRI) images [4,5]. Therefore,
it has been suggested that deep learning models play a key role in the diagnosis and
prediction of AD in the future studies as these promising approaches can be easily applied
to numerous data formats with neuroimaging and genomics [4,5].

Deep learning models typically exploit multiple layers of abstraction to determine
hierarchical portrayals in the raw data, in which the whole process intends to detect and
extract high-level features from the raw data [11-13]. In other words, in order to build
up the hierarchical representation, deep learning models perform data-driven strategies
using deep artificial neural networks with multiple layers, instead of using artificial neural
networks with only a single layer [13,14]. Deep learning models have accomplished
a wide range of experiments for the tasks of the diagnosis and prediction of AD using
the state-of-the-art computing technologies (i.e., general-purpose computing on graphics
processing units (GPUs)) [4,5]. For the purpose of handling the challenging difficulties we
face currently for the tasks of the diagnosis and prediction of AD, there is an enormous
need for utilizing deep learning models such as the CNN model for multiple data types
such as neuroimaging and/or genomics data [4,5]. With recent advances in computer
software and hardware techniques, deep learning models possess a tremendous potential
to be leveraged to identify AD from normal controls and/or to identify AD from mild
cognitive impairment [4,5].

Here, in the context of deep learning models, we depict various research studies with
the focus on AD prediction using neuroimaging and genomics data. We primarily focus
on AD prediction using a wide variety of deep learning models as, to our knowledge, this
is one of the hot topics in the multi-disciplinary fields of deep learning, AD prediction,
neuroimaging, and genomics. Consequently, biological and/or clinical implications from
this topic could then serve as a basis for future research in AD prediction with neuroimaging
and genomics using deep learning models. Additionally, we describe the limitations in
these research studies and summarize a discussion of future challenges and problems.
Although this review does not present the full set of relevant research investigations
reported in the literature, it nonetheless indicates a synthesis of those that can markedly
contribute to global, public, and population health-oriented studies in AD prediction with
neuroimaging and genomics using deep learning models in the near to mid-term future.

2. Methods

In this review, we first conducted a comprehensive search of the electronic PubMed
and Google Scholar databases (2016-present) using key words such as “deep learning,”
“Alzheimer’s disease,” “genomics,” “genetics,” “neuroimaging,” and “imaging”. Then, we
manually screened the obtained articles with a specific focus on AD, deep learning models,
genomics, neuroimaging, and neuroimaging genomics. Figure S1 presents the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram based
on previous literature [15].

While this review does not intend to cover all related studies in an exhaustive manner,
it nevertheless is representative of the general trend for current research on genomics,
neuroimaging, and neuroimaging genomics for AD prediction using deep learning models.

"o ” o

3. Deep Learning Models

The initial concept of deep learning models has a long history dating back at least two
decades with an aim to use the idea of multiple processing layers (i.e., multiple levels of
abstraction) [6]. However, it was infeasible for large-scale applications in the beginning due
to the intense computational time needed to perform the task. After the advent of GPUs
around 2009, multiple processing layers in deep learning models can then be computed
at least 10 to 20 times faster [16]. Since then, deep learning models have become a focus
of attention in a wide variety of research areas. Remarkably, deep learning models have
become state of the art in the fields of computer vision and natural language processing
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where enormous accomplishments have been achieved [17,18]. Due to the fact that a flood
of investigations have been conducted using a wide variety of variants of deep learning
models in various fields of science and engineering, it is indeed challenging to catch up
with the emerging direction [6].

Deep learning models provide the following merits. Firstly, in reference to the empiri-
cal experiments, deep learning models usually offer better performance than the traditional
machine learning approaches [6]. Secondly, deep learning models can perform sampling
tasks concurrently. As a result, they contribute to a significant speedup for processing
big data (i.e., large-scale applications) [6]. Thirdly, deep learning models can process
natural data in their original form without transforming them into internal representa-
tions [6]. Moreover, deep learning models can normally provide the functionality of feature
extraction in the deep learning model itself [4].

3.1. Applications of Deep Learning Models

Deep learning models can be applied to a wide range of research areas, including
computer vision, image processing, natural language processing, speech processing, and
video processing, to name a few [6,17-20]. Additionally, deep learning models have been
implemented in biomedical applications such as genomics, multi-omics, and medical
imaging [21-24].

3.2. Variants of Deep Learning Models

There are a wide variety of deep learning-based models (namely variants of deep
learning models) (Figure 1). In this subsection, we introduce the following six variants: fully
connected neural networks (FNNs), convolutional neural networks (CNNSs), generative
adversarial networks (GANSs), auto-encoders, deep belief networks (DBNs), and recurrent
neural networks (RNNs). These variants were employed by the investigations which are
depicted in this review. In addition, the reader can refer to recent reviews by Shrestha
et al. [19] and Zhou, S.K. et al. [21] for other variants of deep learning models.

Deep Learning Models

[ L1

FNNs CNNs GANs Amtc- DBNs RNNs
encoders

Figure 1. Variants of deep learning models. CNNs = Convolutional Neural Networks;
DBNs = Deep belief networks; FNN = Fully Connected Neural Networks; GANs = Generative
Adversarial Networks; RNNs = Recurrent Neural Networks.

3.2.1. Fully Connected Neural Networks (FNNs)

The FNN model is the foundation of deep learning models that mainly comprise of
fully connected (or dense) layers, where every unit/neuron in one layer is connected to
every unit/neuron in the next layer [25].

3.2.2. Convolutional Neural Networks (CNNs)

The CNN model is a branch of deep learning models which mainly comprise of
an input layer, hidden layers, and an output layer [26,27]. In the CNN model, there
are three main types of layers: convolutional layers, pooling layers, and fully connected
layers [26,27]. The convolutional layers are able to extract various features from an image.
The pooling layers are suitable for reducing the size of the feature representation. The
fully connected layers are capable of providing the non-linear combinations of the feature
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representations. Initially, the CNN model was applied to the tasks of object recognition
and classification for image, speech, or audio signal input in the fields of computer vision
and natural language processing [26,27].

The residual CNN model, a variant of CNN, adopts a residual function to obtain resid-
ual representations/vectors and thereby to gain improved performance [28]. In computer
vision applications, it is more effective to process residual representations/vectors than the
original representations/vectors [28].

3.2.3. Generative Adversarial Networks (GANSs)

Goodfellow et al. [29] created the GAN model to perform an adversarial function
using a form of generative models. Subsequently, the GAN model has become one of most
prominent research areas in deep learning and is mainly applied in the field of computer
vision and image processing (such as image generation) [30,31].

In brief, the GAN model consists of two key components, namely a generative network
and a discriminative network [29]. While the generative network is trained to produce fake
data in compliance with a latent variable, the discriminative network acquires both real and
fake data to decide whether the data is real or not. Both the generative and discriminative
networks accomplish an adversarial game against each other at the same time.

In order to cope with the instability of GAN training, Arjovsky et al. [32] proposed the
Wasserstein GAN model which utilizes a new distance metric function called the Earth-
Mover distance (i.e., Wasserstein distance). On the other hand, the original GAN model
employs the Jensen-Shannon divergence, which is theoretically impractical to evaluate the
distance between two distributions if the distributions do not overlap [32].

Additionally, a variant of the Wasserstein GAN model called the conditional Wasser-
stein GAN model is essentially portrayed as the Wasserstein GAN model by adding
a gradient penalty term to obtain enhanced performance [32,33].

3.2.4. Auto-Encoders

In essence, the auto-encoder model consists of an encoder unit and a decoder unit,
where these two units are generally implemented using fully connected layers.

The variational auto-encoder model [34] exemplifies a variant of the auto-encoder
model. Fundamentally, the variational auto-encoder model only comprises an encoder
unit and a decoder unit, without an adversarial network. The training goal of the encoder
unit is to produce the mean and covariance of the Gaussian distribution to portray the
variational distribution in the variational auto-encoder model [34]. Note that the variational
auto-encoder model is not a variant of the GAN model.

The adversarial auto-encoder model [35] also exemplifies a variant of the autoencoder
model and represents a probabilistic/generative model. Essentially, the adversarial auto-
encoder model consists of a conventional auto-encoder and an adversarial network. In
general, the training goal in the adversarial auto-encoder model is to match the latent data
produced by the generative network module with a specific prior latent distribution. Note
that the adversarial auto-encoder model is a variant of the GAN model. The adversarial
auto-encoder model can be combined with the variational auto-encoder model to form the
adversarial variational auto-encoder model [36].

These three auto-encoder-based models (i.e., the variational auto-encoder, adversarial
auto-encoder, and adversarial variational auto-encoder models) can be used as benchmark-
ing algorithms when applying the auto-encoder model. It should be note that these three
auto-encoder-based models are not the focus of this review.

3.2.5. Deep Belief Networks (DBNs)

In the field of deep learning, the DBN model is a branch of deep learning models
that comprise of multiple layers of hidden/latent variables, and each layer gathers the
correlation information among the activities of hidden/latent variables in the previous
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layer [37,38]. The building block for each layer can be a restricted Boltzmann machine,
which is a two-way undirected graphical model [37,38].

A variant of DBN, referred to as a sparse-response deep belief network, was proposed
by adopting the rate distortion theory, which encodes the original data into a sparse dataset
with few bits to obtain better performance [39].

3.2.6. Recurrent Neural Networks (RNNs)

In the field of deep learning, the RNN model is a branch of deep learning models,
which is capable of processing time series measurements or sequential data such as DNA
sequences [22]. RNNs may need more computing time than CNNss as it is difficult for them
to perform in parallel [22].

4. Research Studies in Genomics on the Prediction of AD Using Deep Learning

In this section, we focus especially on the prediction of AD with genomics data using
deep learning models. The usage of the deep learning approach is still in its infancy in the
context of AD prediction with genomics data. Lately, deep learning-based applications in
AD prediction with genomics data have experienced some revival in the field of artificial
intelligence and machine learning. Here, we focus on AD prediction with genomics data
using various deep learning models in this section (Tables 1 and 2).

The genomics/multi-omics data in these studies included SNPs datasets, DNA methy-
lation datasets, and gene expression datasets. While this review does not intend to depict
all existing investigations in an exhaustive way, it still is representative of the present
trend for research in AD prediction with genomics data using deep learning models. In
addition, the reader can refer to a review by Eraslan et al. [22] and Zou et al. [23] for other
applications in genomics using deep learning models.

As described in the following subsections, there are some studies for AD research
with genomics data using various deep learning models (Table 1), including the prediction
of AD risk, the prediction of AD-specific nucleotide alteration sites (i.e., splicing sites), and
the prediction of the virtual disease/molecular progress of AD.

Table 1. Relevant studies on the deep learning-based models of AD prediction.

Study Model Data Tasks
Maj et al. [40] FNNs, CNNs, RNNs Gene expression Predict AD risk
Lee and Lee [41] FNNs Gene expression Predict AD risk
Park, J. et al. [42] GANs Gene expression Predict the virtual

disease/molecular progress of AD
Predict AD-specific nucleotide

Kim et al. [43] Residual CNNs Gene expression . . . . .
alteration sites (i.e., splicing sites)
Park, C. et al. [44] FNNs Gene expression, DNA methylation Predict AD risk
Juetal. [45] Autoencoders MRI Predict early diagnosis of AD

Shen et al. [46] DBNs PET Distinguish AD from MCI
Zhou, P. et al. [47] Sparse-response DBNs PET, MRI Predict AD risk

Ning et al. [48] FNNs SNPs, MRI (brain measures) Predict AD risk
Zhou, T. et al. [49] Three-stage FNNs SNPs, ROIs in PET, ROIs in MRI Predict AD risk
Zhou, J. et al. [50] CNNs SNPs, ROIs in MRI Predict AD risk

CNNs = Convolutional Neural Networks; DBNs = Deep belief networks; FNNs = Fully Connected Neural Networks; GANs = Generative
Adversarial Networks; MCI = mild cognitive impairment; MRI = magnetic resonance imaging; PET = positron emission tomography;
RNNs = Recurrent Neural Networks; ROIs = regions of interest; SNPs = Single nucleotide polymorphisms.
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Table 2. Summary of the main points for the studies as shown in Table 1.

Study Datasets cv Sample size Performance
RNNSs performed best on the adipose
subcutaneous, artery aorta, and colon transverse
. 528 tissues (AUC = 0.953, 0.951, and 0.946,
Maj et al. [40] ADNI 5-fold CV (247 AD/281 NC)  respectively). CNNs performed best on the brain
spina, thyroid, and whole blood tissues
(AUC =0.943, 0.95, and 0.947, respectively).
FNNs did not always outperform other
467 benchmarking models (e.g., logistic regression,
Lee and Lee [41] ADNI 5-fold CV (157 AD/310 NC) L1-logistic regression, support vector machines,
and random forests) due to the limited sample
size (no specific AUC values).
GAN:s identified cholesterol biosynthesis, which
Park, J. et al. [42] GEO NA 36 is originated during an early stage of AD and is
activated by amyloid-beta production.
SpliceAl (based on the residual CNN model)
Kim et al. [43] GEO NA NA identified 14 splicing sites in the PLCG1 gene,
which contains the AD-associated SNVs.
Parkc ¢ ] . et OV 696 FNNsh exceede;l naix(/ie Bagesian,(s:gléort (;7;;;01‘
ark, C. et al. -fo machines, and random forests =0. ,
(439 AD/257 NC) 0.756, 0.773, and 0.775, respectively).
The auto-encoder model outperformed linear
170 discriminant analysis, logistic regression, and
Juetal. [45] ADNI 10-fold CV (91 MCI/79 NC) support vector m;,chinesg(AUC § 0.916, 0.710,
0.765, and 0.789, respectively).
109 DBNs surpassed PCA and anatomical auto-matic
Shen et al. [46] ADNI 5-fold CV labeling (accuracy = 0.866, 0.795, and 0.631,
(47 AD/62 MCI) . e
respectively; no specific AUC values).
The sparse-response DBN-based model exceeded
340 CNNs and DBNSs for differentiating AD and
Zhou, P. et al. [47] ADNI 5-fold CV (116 AD/82 normal controls (AUC = 0.87, 0.77, 0.83), MCI and
MCI/142 NC) normal controls (AUC = 0.79, 0.60, 0.73), and AD
and MCI (AUC = 0.71, 0.60, 0.68).
FNNs outperformed logistic regression for
. 721 differentiating AD and normal controls
Ning et al. [48] ADNI NA 1\(/}(3:? /1255/13]55 (AUC = 0.948, 0.945) and differentiating AD and
) MCI (AUC = 0.846, 0.824).
805
Zhou, T. et al. [49] ADNI 20-fold CV (190 AD/389 Three-stage FNNs surpassed support vector
MCI/226 NC) machines (no specific AUC values).
CNN s exceeded multivariate regression, ridge
Zhou, |. et al. [50] ADNI 5-fold CV 632 regression, group-sparse mul-ti-task regression

and feature selection, and multi-task feature
learning (no specific AUC values).

ACC = accuracy; AD = Alzheimer’s disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; AUC = the area under the curve;
CNNss = Convolutional Neural Networks; CV = cross-validation; DBNs = Deep belief networks; FNNs = Fully Connected Neural Networks;
GANSs = Generative Adversarial Networks; GEO = Gene Expression Omnibus; MCI = mild cognitive impairment; MRI = magnetic
resonance imaging; NA = not available; NC = normal controls; OASIS = Open Access Series of Imaging Studies; PCA = principle component

analysis; RNNs = Recurrent Neural Networks; SNVs = single-nucleotide variants.

4.1. Integrated Deep Learning and Machine Learning Approach with Gene Expression

Maj et al. [40] proposed an integrated deep learning and machine learning approach
to analyze gene expression data in connection with AD cognitive decline. Their integrated
approach leverages the concept of variational auto-encoders (see Section 3.2.4.), FNNs (see
Section 3.2.1.), CNNs (see Section 3.2.2.), and RNNs (see Section 3.2.6.): the first model
was used for the purpose of features selection; the latter three models were implemented
to analyze temporal gene expression data [40]. The integrated approach also employs
six sample tissues, such as adipose subcutaneous, artery aorta, colon transverse, brain
spina, thyroid, and whole blood tissues [40]. In addition, the support vector machine
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classifier was used to estimate if the input dataset to the variational auto-encoder aligned
with a particular tissue [40].

Their analysis revealed that the RNN model outperformed FNNs and CNNs on
the adipose subcutaneous (the area under the curve (AUC) = 0.953, 0.513, and 0.948,
respectively), artery aorta (AUC = 0.951, 0.503, and 0.862, respectively), and colon trans-
verse (AUC = 0.946, 0.862, and 0.770, respectively) tissues [40]. On the other hand, the
CNN model exceeded FINNs and RNNs on the brain spina (AUC = 0.943, 0.892, and
0.942, respectively), thyroid (AUC = 0.95, 0.503, and 0.946, respectively), and whole blood
(AUC =0.947, 0.516, and 0.939, respectively) tissues [40].

The main drawback of the study by Maj et al. [40] is that only one genomic component,
namely gene expression, was considered and thereby other potential genetic effects may
be overlooked. The second drawback is that one cannot draw conclusive results due to
the small sample size of the gene expression profiles [40]. The third drawback is that
sex-specific organs/tissues should be investigated because of the different prevalence rate
of AD in female and male populations [40].

On the other hand, the main merit of their study is that their integrated approach
utilized state-of-the-art deep learning models, such as FNNs, CNNs, and RNNSs, as bench-
marking models to demonstrate its performance.

4.2. Fully Connected Neural Networks with Gene Expression

Lee and Lee [41] utilized a deep learning-based model to predict AD risk using gene
expression data. Their deep learning-based model was based on the concept of FNNs
(see Section 3.2.1.). In line with Maj et al. [40], variational auto-encoders were used for
feature selection to extract a representation from gene expression data in three blood gene
expression datasets. In addition, a differentially expressed gene (DEG)-based method
was used for feature selection for comparison. In their study, various machine learning
methods, such as logistic regression, L1-logistic regression, support vector machines, and
random forests, were utilized for benchmarking.

Their data showed that the models with the DEG-based feature selection method
surpassed the ones with variational auto-encoders as variational auto-encoders may not
acquire the key information [41]. Moreover, the deep learning-based model did not always
excel other benchmarking models in all cases of three datasets as deep learning is infeasible
for the small sample size of instances, which consist of high dimensional information
(i.e., a large number of genes) [41]. Note that for the previous statements, no specific values
for accuracy/AUC (i.e., only figures) were reported in their study.

The main disadvantage of the study by Lee and Lee [41] is that only one genomic
component, namely gene expression, was examined and thereby other likely genetic
impacts may be disregarded. The second disadvantage is that one cannot draw sound
conclusions due to the small sample size of the gene expression profiles.

On the other hand, the main advantage of their study is that their approach was
compared to various state-of-the-art machine learning models, such as logistic regres-
sion, L1-logistic regression, support vector machines, and random forests, to demonstrate
its performance.

4.3. GANs with Gene Expression

Park, J. et al. [42] used a deep learning-based model to predict the virtual dis-
ease/molecular progress of AD using gene expression data from the AD model of mouse
data. Their deep learning-based model was characterized by the concept of GANs, namely
the Wasserstein GAN model with a gradient penalty term [32,33] (see Section 3.2.3.). The
latent space interpolation (i.e., vector arithmetic) of GANs was leveraged to describe patho-
logical pathway cascades in the AD disease progression. In addition, only 1208 DEGs were
selected as training data for the purpose of the pathological pathway analysis due to the
small number of samples with the burden of high dimensional information (i.e., a large
number of genes).
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Their results suggested that cholesterol biosynthesis is initiated during an early stage
of AD and is triggered by amyloid-beta production [42]. It has been reported that inter-
actions between cholesterol biosynthesis and amyloid-beta production may contribute to
synapse plasticity [51].

The main limitation of the study by Park, J. et al. [42] is that one cannot draw sound
conclusions due to too few genes and the small sample size of the gene expression profiles.
More genes and more high-quality augmentation data are warranted in the future studies.
Moreover, another limitation is that Park, ]. et al. [42] did not compare their proposed
model with other existing models to demonstrate its performance.

On the other hand, the main benefit of their study is that their approach was the first
to leverage the concept of GANs to provide the virtual disease/molecular progress of AD
using gene expression data.

4.4. Residual CNN with Gene Expression

Kim et al. [43] employed a deep learning-based framework called SpliceAl [52] to
predict AD-specific nucleotide alteration sites (i.e., splicing sites) using pre-messenger
RNA (mRNA) nucleotide sequences. The SpliceAl framework was built on a variant of
CNN:s called the residual CNN model [28] (see Section 3.2.2.), which is frequently used for
computer vision applications.

Their SpliceAl analysis predicted 14 splicing sites in the PLCGI gene and the AD-
associated single-nucleotide variants (SN'Vs) occurred at the same position in PLCG1 in
humans and in the AD mouse model cortex [43]. While it has been suggested that the
PLCG1 gene is associated with AD risk [53], it is interesting that Kim et al. [43] identified
SNVs in the PLCGI gene associated with AD using a deep learning technique.

The main weakness of the study by Kim et al. [43] is that one cannot draw sound
conclusions as only one gene (i.e., PLCG1) was investigated as a pilot study using a deep
learning approach. More genes and more high-quality gene expression data are warranted
in the future studies. Moreover, another weakness is that Kim et al. [43] did not compare
their proposed model with other existing models to demonstrate its performance.

On the other hand, the main strength of their study is that their approach was the first
to adopt the concept of the residual CNN model to provide AD-specific SNVs using gene
expression data.

4.5. Fully Connected Neural Networks with Gene Expression and DNA Methylation

Park, C. et al. [44] implemented a deep learning-based model to predict AD risk
using an integrated data of gene expression and DNA methylation. Their deep learning-
based model was adapted from the concept of FNNs (see Section 3.2.1.), where Bayesian
optimization was performed for hyper-parameter search. In their study, various machine
learning methods, such as naive Bayesian, support vector machines, and random forests,
were utilized for benchmarking. Park, C. et al. [44] also proposed a differentially expressed
gene-based and differentially methylated position-based approach for feature selection to
reduce the dimensions/features. In addition, conventional dimension reduction methods
such as principal component analysis and t-distributed stochastic neighbor embedding
were used for comparison.

Their findings demonstrated that the deep learning-based model (AUC = 0.797) out-
performed various benchmarking models such as naive Bayesian (AUC = 0.756), support
vector machines (AUC = 0.773), and random forests (AUC = 0.775) [44]. Additionally, the
differentially expressed gene-based and differentially methylated position-based approach
(AUC = 0.797) also exceeded principle component analysis (PCA) (AUC = 0.612) and
t-stochastic nearest neighbor (t-SNE) (AUC = 0.526) [44]. Moreover, the performance for the
integrated data of gene expression and DNA methylation was better than the one for gene
expression alone or DNA methylation alone [44]. Note that for the previous statement, no
specific values for accuracy/AUC (i.e., only figures) were reported in their study.
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The main drawback of the study by Park, C. et al. [44] is that one cannot draw
conclusive results due to the small sample size of the integrated gene expression and DNA
methylation profiles. Second, the proposed model may be over-fitted during the data
oversampling procedure. Moreover, the fundamental classifier, namely logistic regression,
was not used for benchmarking. In addition, other deep learning algorithms such as CNNs
and RNNs were not utilized for comparison.

On the other hand, the main merit of their study is that two types of multi-omics data
(i-e., gene expression and DNA methylation) were integrated to establish prediction models,
which showed improved performance. Second, their deep learning-based model was
compared with various state-of-the-art machine learning models, such as naive Bayesian,
support vector machines, and random forests, to demonstrate its superior performance.

5. Research Studies in Neuroimaging on the Prediction of AD Using Deep Learning

In this section, we focus especially on the problem of AD prediction with neuroimaging
data using deep learning models. The usage of the deep learning approach in terms
of predicting AD has been a focus of attention in neuroimaging research. Lately, deep
learning-based applications in AD prediction with neuroimaging data have experienced
some revival in the field of artificial intelligence and machine learning. Here, we focus on
AD prediction with neuroimaging data using various deep learning models in this section
(Tables 1 and 2).

Several notable examples of open source databases for neuroimaging in AD include
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (adni.loni.usc.edu, accessed
on 20 June 2021) [2], the Australian Imaging, Biomarker & Lifestyle Flagship Study of
Ageing (AIBL) (aibl.csiro.au, accessed on 20 June 2021) [54], the Open Access Series of
Imaging Studies (OASIS) (www.oasis-brains.org, accessed on 20 June 2021) [55], the
Japanese Alzheimer’s Disease Neuroimaging Initiative (J~-ADNI) (jadni.com, accessed
on 20 June 2021) [56], and the Worldwide Alzheimer’s Disease Neuroimaging Initiative
(WW-ADNI) [57], to name a few.

Predicting AD with neuroimaging data has been a focus of attention for at least two
decades, from employing the conventional machine learning methods (such as support
vector machines and ensemble methods) to using deep learning approaches (such as
CNNs) [4]. While this review does not intend to depict all existing investigations in
an exhaustive way; it still is representative of the present trend for research in AD prediction
with neuroimaging data using deep learning models. In addition, the reader can refer to
a recent review by Tanveer et al. [4], which listed at least 165 research reports from 2005
to 2019 regarding machine learning and deep learning approaches in AD prediction with
neuroimaging data.

There are a wide variety of neuroimaging modalities for determining the predictive
features of AD, including structural MRI, diffusion tensor imaging, electroencephalography,
functional MRI, positron emission tomography (PET), single-photon emission computed
tomography, near-infrared spectroscopy, and proton magnetic resonance spectroscopy [58,59].

5.1. Auto-Encoders with MRI Images

For instance, Ju et al. [45] used a deep learning-based approach to predict early
diagnosis of AD using MRI data. Their deep learning approach was established on
a softmax regression layer and auto-encoders (see Section 3.2.4). Basically, an auto-encoder
is an artificial neural network for the encoding purpose, where the input layer serves the
original MRI data, multiple hidden layers provide nonlinear transformations from the pre-
vious layers, and the output layer reconstructs MRI samples. In their study, various widely
used machine learning methods, such as linear discriminant analysis, logistic regression,
and support vector machines, were utilized for benchmarking.

Juetal. [45] reported that the proposed auto-encoder method (AUC = 0.916) surpassed
various benchmarking models such as linear discriminant analysis (AUC = 0.710), logistic


www.oasis-brains.org

Int. . Mol. Sci. 2021, 22, 7911

10 of 20

regression (AUC = 0.765), and support vector machines (AUC = 0.789) to predict an early
stage of AD using MRI images.

The main disadvantage of the study by Ju et al. [45] is that only single-modal brain
imaging data, namely MRI images, was examined and thereby other likely morphological
changes from multimodal brain image data may be disregarded. Moreover, other deep
learning algorithms such as CNNs and other machine learning algorithms such as random
forests were not utilized for comparison.

On the other hand, the main advantage of their study is that their approach was
the first to exploit the concept of auto-encoders to predict early diagnosis of AD using
MRI data.

5.2. Deep Belief Networks with PET Images

Shen et al. [46] employed a deep learning-based approach to distinguish AD from
mild cognitive impairment using PET data. Their deep learning approach was based on
DBN:s (see Section 3.2.5.), which serves as feature selection to identify key features from the
regions of interest (ROIs). The support vector machine model, which is a popular machine
learning method for detecting AD with structural MRI data, was utilized to distinguish
AD from mild cognitive impairment.

Shen et al. [46] discovered that the proposed DBN-based method obtained good
performances for differentiating subjects between AD and mild cognitive impairment (AUC
=0.908). In addition, the DBN model (accuracy = 0.866) excelled PCA (accuracy = 0.795)
and anatomical automatic labeling (accuracy = 0.631) [46].

The main limitation of the study by Shen et al. [46] is that only single-modal brain
imaging data, namely PET images, was examined and thereby other likely morphological
changes from multimodal brain image data may be disregarded. Moreover, other deep
learning algorithms such as CNNs and other machine learning algorithms such as random
forests were not utilized for comparison. Their study also did not always use AUC,
a standard evaluation metric, for comparison.

On the other hand, the main benefit of their study is that their approach was the first
to apply the concept of DBNs to distinguish AD from mild cognitive impairment using
PET data.

5.3. Sparse-Response Deep Belief Networks with PET and MRI Images

Zhou, P. et al. [47] utilized a deep learning-based approach to predict AD using PET
and MRI images. Their deep learning approach was characterized by sparse-response
DBNSs [39] (see Section 3.2.5), which was used for extracting features from the images.
Then, the extreme learning machine model was utilized to distinguish AD, mild cognitive
impairment, and normal controls. In their study, support vector machines and CNNs were
utilized for benchmarking.

Zhou, P. et al. [47] indicated that the proposed approach (AUC = 0.87) outperformed
the benchmarking models, such as CNNs (AUC = 0.77) and DBNs (AUC = 0.83) for
distinguishing AD and normal controls. In addition, the proposed approach (AUC = 0.79)
exceeded CNNs (AUC = 0.60) and DBNs (AUC = 0.73) for distinguishing mild cognitive
impairment and normal controls [47]. Moreover, the proposed approach (AUC = 0.71)
surpassed CNNs (AUC = 0.60) and DBNs (AUC = 0.68) for distinguishing AD and mild
cognitive impairment [47].

The main weakness of the study by Zhou, P. et al. [47] is that other deep learning
algorithms such as GANs and other machine learning algorithms such as random forests
were not utilized for comparison.

On the other hand, the main strength of their study is that their approach was the first
to leverage the concept of sparse-response DBNs to predict AD using multimodal brain
image data such as PET and MRI images.
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6. Research Studies in Neuroimaging Genomics on the Prediction of AD Using
Deep Learning

The initial concept of incorporating neuroimaging and genomics has a long history
dating back to at least two decades ago with an aim to use the idea of intermediate
endophenotypes by integrating the strengths of both neuroimaging and genomics stud-
ies [60,61] (Figure 2). In the past, this ensemble approach is known as imaging genomics
or the interchangeable term, namely imaging genetics. Nowadays, it is also known as
neuroimaging genomics, which exemplifies the intersection of the two fields, neuroimag-
ing and genomics [62]. A notable example of neuroimaging genomics is the Enhancing
Neurolmaging Genetics through Meta-Analysis Consortium (ENIGMA) [63], which aims
to understand how psychiatric disorders influence the brain by combining neuroimaging
(e.g., MRI, diffusion tensor imaging, and functional MRI) and genomics (e.g., GWAS) data.

Neuroimaging Genomics

Frammilc: Example:
PET, MRI SNPs

Neuroimaging Genomics

Example:
AD Prediction
Using Deep Learning

Figure 2. The integrated approach of neuroimaging and genomics. The idea of integrating neuroimaging and genomics
is designated as neuroimaging genomics. Deep learning models with neuroimaging genomics can be used to predict
Alzheimer’s disease (AD) risk. MRI = magnetic resonance imaging; PET = positron emission tomography; SNPs = Single
nucleotide polymorphisms.

In neuroimaging, the notion of intermediate endophenotypes was considered to offer
quantitative measures for behavioral phenotypes; thereby possibly generating a connection
between genes and behavioral phenotypes [64,65]. In short, the intermediate endophe-
notypes are the quantitative biomarkers of brain activities captured by neuroimaging
modalities and can be leveraged to evaluate neurobiological alterations of brain functions
affected by brain disorders such as AD [66]. It is suggested that AD-related genomic
variants might manifest in the intermediate endophenotypes that can be assessed using
neuroimaging modalities and may be directly involved with AD [67,68]. In addition, it is
indicated that the intermediate endophenotypes of neuroimaging can be used to tackle
the issue of small effect sizes in genomics studies [67,68]. On the contrary, it is implicated
that there are only a handful of replicated studies in the existing findings of neuroimaging
genomics, which might be owing to the limited sample sizes, unreliable study designs, and
a lack of corrections for multiple testing [69,70].

In this section, we focus especially on the issue of AD prediction with neuroimaging
genomics using deep learning models. In the current literature, such studies in the joint
investigation of neuroimaging and genomics (i.e., neuroimaging genomics; Figure 2) are
still rare, especially for AD prediction. Here, we focus on AD prediction with neuroimaging
genomics using various deep learning models in this section (Tables 1 and 2).

6.1. Fully Connected Neural Networks with Genetic Variants and MRI-Derived Brain Measures

Ning et al. [48] proposed a deep learning-based model to predict AD risk using
genetic variants (i.e., SNPs) and neuroimaging data (i.e., MRI-derived brain morphometric
measures). Their deep learning-based model was built on the concept of FNNs (see
Section 3.2.1). Here, brain morphometric measures are defined as the volume measurements
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of candidate brain regions in imaging modalities (e.g., MRI) that might be associated with
AD. In addition, the logistic regression model was used as a basis for comparison.

Their analysis revealed that the performance for the integrated data of SNPs
and MRI-derived brain morphometric measures (AUC = 0.948) was superior to
the one for SNP alone (AUC = 0.689) or MRI-derived brain morphometric mea-
sures alone (AUC = 0.820) [48]. Moreover, the proposed deep learning-based model
(AUC = 0.948) excelled the logistic regression model (AUC = 0.945) for distinguishing AD
and normal controls using the integrated data of SNPs and MRI-derived brain morphomet-
ric measures [48]. Furthermore, the proposed deep learning-based model (AUC = 0.846)
outperformed the logistic regression model (AUC = 0.824) for distinguishing AD and mild
cognitive impairment using the integrated data [48].

The main drawback of the study by Ning et al. [48] is that only single-modal brain
imaging data, namely MRI, was examined and thereby other likely morphological changes
from multimodal brain image data may be disregarded. Likewise, only one genomic
component, namely SNPs, was considered and thereby other potential genomic effects
may be overlooked. Moreover, other deep learning algorithms such as DBNs and other
machine learning algorithms such as random forests were not utilized for comparison.

On the other hand, the main merit of their study is that their approach was the first to
adopt the concept of FNNs to predict AD using SNPs and MRI-derived brain morphometric
measures.

6.2. Three-Stage FNNs with Genetic Variants, PET, and MRI

Zhou, T. et al. [49] used a deep learning-based model to forecast AD risk using genetic
variants (i.e., SNPs) and neuroimaging data (i.e., the regions of interest (ROIs) in PET and
MRI images). Their deep learning-based model was adapted from the concept of FNNs
(see Section 3.2.1), where FNNs were implemented using a three-stage architecture. Here,
the ROIs are defined as candidate brain regions/features in imaging modalities (such as
MRI) that might be associated with AD. In addition, the support vector machine algorithm
was used as a benchmarking machine learning model.

Their data showed that the performance for the integrated data of SNPs and ROIs (in
PET + MRI) was in excess of the one for SNP alone, ROIs in PET alone, ROIs in MRI alone,
or other combinations (i.e., SNPs + PET, SNPs + MRI, or PET + MRI) [49]. Moreover, the
proposed deep learning-based model exceeded the support vector machine algorithm [49].
Note that for the previous statements, no specific values for accuracy/AUC (i.e., only
figures) were reported in their study.

The main disadvantage of the study by Zhou, T. et al. [49] is that only one genomic
component, namely SNPs, was considered and thereby other potential genomic effects may
be overlooked. Moreover, other deep learning algorithms such as DBNs and other machine
learning algorithms such as random forests were not utilized for comparison. Their study
also did not use AUC, a standard evaluation metric, for comparison.

On the other hand, the main advantage of their study is that their approach was
the first to exploit the concept of three-stage FNNs to predict AD using SNPs, PET, and
MRI data.

6.3. CNNs with Genetic Variants and MRI

Zhou, J. et al. [50] employed a deep learning-based model to perform the predic-
tion of AD risk using genetic variants (i.e., SNPs) and neuroimaging data (i.e., ROIs in
MRI). Their deep learning-based model was established on the concept of CNNs (see
Section 3.2.2.). In addition, the random forests algorithm was used for feature selection to
reduce the dimensions/features. In their study, various machine learning methods, such as
multivariate regression, ridge regression, group-sparse multi-task regression and feature
selection [71], and multi-task feature learning [72,73], were utilized for benchmarking.

Their results suggested that the performance for the integrated data of SNPs and ROIs
(AUC = 0.8) was better than the one for SNP-only (AUC = 0.6) or ROIs-only
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(AUC =0.77) [50]. Moreover, the proposed deep learning-based model surpassed various
benchmarking machine learning models such as multivariate regression, ridge regres-
sion, group-sparse multi-task regression and feature selection, and multi-task feature
learning [50]. Note that for the previous statement, no specific values for accuracy/AUC
(i.e., only figures) were reported in their study.

The main limitation of the study by Zhou, J. et al. [50] is that only single-modal brain
imaging data, namely MRI, was examined and thereby other likely morphological changes
from multimodal brain image data may be disregarded. Likewise, only one genomic
component, namely SNPs, was considered and thereby other potential genomic effects may
be overlooked. Moreover, other deep learning algorithms such as DBNs and other machine
learning algorithms such as support vector machines were not utilized for comparison.

On the other hand, the main benefit of their study is that their approach was the first
to apply the concept of CNNs to predict AD using SNPs and MRI data.

7. Summaries and Limitations

In summary, the investigations as depicted in the previous sections have some simi-
larities and differences. First, these investigations employed various deep learning-based
models (e.g., FNNs, CNNs, GANSs, auto-encoders, DBNs, and RNNs) to perform various
tasks in AD prediction. Second, these investigations utilized various neuroimaging and
genomics data, for example, gene expression and/or DNA methylation in Section 4, MRI
and/or PET in Section 5, as well as SNPs, MRI, and/or PET in Section 6. Moreover, most
of these investigations used the ADNI database, except three studies (which used the
Gene Expression Omnibus database). However, those studies using the ADNI database
had different sample sizes (varied from 109 to 805; Table 2). Additionally, most of these
investigations applied the cross-validation procedures except three studies (Table 2). How-
ever, those studies using the cross-validation procedures had different fold numbers (e.g.,
5-fold, 10-fold, and 20-fold). Based on the performance results of these investigations,
most of the proposed deep learning-based models outperformed the traditional machine
learning approaches except one study by Lee and Lee [41] (Table 2). Only two studies
by Maj et al. [40] and by Zhou, P. et al. [47] compared the proposed deep learning-based
models to other deep learning models. For example, Zhou, P. et al. [47] suggested that
the sparse-response DBN-based model exceeded CNNs in differentiating AD and normal
controls, differentiating MCI and normal controls, as well as differentiating AD and MCL
Maj et al. [40] also reported that RNNs outperformed CNNs and FNNs on certain tissues
(i.e., adipose subcutaneous, artery aorta, and colon transverse tissues), and CNNs out-
performed RNNs and FNNs on other tissues (i.e., brain spina, thyroid, and whole blood
tissues). It should be noted that it appears to be difficult to explain which deep learning-
based model in these studies produces the best results as none of these investigations
leveraged universal benchmark databases and standardized benchmark models, which are
discussed in the following limitations section.

In the investigations as depicted in the previous sections, only one study by
Zhou, P. et al. [47] reported the trade-offs compared to other methods in terms of the
computational complexity of the models. That is, Zhou, P. et al. [47] indicated that
the proposed sparse-response DBNs-based approach was faster that CNNs and DBNs
(i.e., computational time/cost = 36.2, 1386.5, and 491.7 s, respectively). In addition, none
of these investigations reported the trade-offs compared to other methods in terms of the
memory/space cost. It has also been suggested that RNNs perform much slower than
CNNSs as RNNs require sequential operations [22]. However, a lack of standard evaluation
criteria (e.g., universal benchmark databases and standardized benchmark models) may
lead to doubtful trade-offs [74].

The investigations as depicted in the previous sections should be clarified by consider-
ing various disadvantages of the aforementioned research studies in the interdisciplinary
fields of the diagnosis and prediction of AD, neuroimaging, genomics, and deep learning.
One primary limitation of these previous findings is that there were no comprehensible
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conclusions as universal benchmark databases were unavailable at the time of publication
to thoroughly perform sound comparisons between various deep learning and machine
learning models in the past investigations [75,76]. Since standardized benchmark databases
have led to rapid progresses in the field of computer vision, it is believed that the field of
the diagnosis and prediction of AD can also reap the benefit of standardized benchmark
databases [8]. While there are several open-source databases available for neuroimaging
and genomics in AD such as ADNI, AIBL, OASIS, ]-ADNI, WW-ADNI, and ENIGMA, there
are currently no universal benchmark databases to perform reproducible evaluation for the
previous findings [77]. Moreover, it is difficult to compare different neuroimaging studies
even when the same model (e.g., the CNN model) was used as these studies employed
distinct approaches in terms of sample sizes, image preprocessing pipelines (i.e., image
deformation), feature extraction, cross-validation, and evaluation metrics [77-79]. There-
fore, universal benchmark databases are crucially needed for the diagnosis and prediction
of AD.

In addition, lacking comparison with other existing models is a common limitation for
the aforementioned research studies. It is critical for the aforementioned research studies
to compare the proposed methods to standardized benchmark models, which allow for
easy comparison. It is also critical for the aforementioned research studies to generalize the
findings with independent samples using standardized benchmark databases, which again
allow for easy comparison [75,76]. As mentioned previously, it is an open challenge to
provide large-scale benchmark databases [80,81] for subsequent analyses in deep learning
experiments. Therefore, future deep learning research should be reliably reproducible in
compliance with commonly well-accepted benchmark models and large-scale benchmark
databases, which should be fulfilled by the research community in the interdisciplinary
fields of the diagnosis and prediction of AD, neuroimaging, genomics, and deep learning.

Another typical limitation is that the aforementioned studies may not make use
of the cross-validation procedures to prevent the risk of overfitting during the training
and testing processes [8]. Over-fitting is a common issue for the MRI image datasets
due to the small sample size [78]. It is critical for the aforementioned research studies
to perform standardized cross-validation procedures, which allow for easy comparison.
Commonly, appropriate procedures include the repeated 10-fold cross-validation procedure
and leave-one-out cross-validation procedure for scrutinizing the generalization of deep
learning models [82-85]. In short, the repeated 10-fold cross-validation procedure randomly
splits up the whole cohort into ten subdivisions, and then the deep learning models can
be trained using 9/10 of the subdivisions and tested using the remaining tenth of the
subdivisions [86]. Next, the previous step is repeated nine more times using alternative
9/10 of the subdivisions for training and an alternative tenth of the subdivisions for testing.
In similar fashion, the leave-one-out cross-validation procedure is an extreme circumstance
where the number of folds is equivalent to the number of samples in the entire cohort [87].
The leave-one-out cross-validation procedure is generally leveraged when the number of
samples in the whole cohort or in a particular subdivision is limited [87]. In summary, we
assume that the cross-validation procedures may presumably be attributed to the overall
performances and configurations for the consequent deep learning models [88].

Yet, another typical limitation in the aforementioned studies is that these studies may
not employ the conventional linear models (e.g., linear regression or logistic regression) as
the basic foundation for comparison. It should be pointed out that we should make use
of the conventional linear models as the underlying basis when we utilize deep learning
algorithms such as the CNN model [89]. That is, deep learning models such as the CNN
model should be a compatible model not only to the conventional linear models but also
to non-linear machine learning models such as random forests and support vector ma-
chines. The support vector machine model has been one of the most widely used machine
learning algorithms for AD prediction as it provides global optima [4]. On the other hand,
a drawback of deep learning models (e.g., FNNs) is the issue of local minima [4].
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In terms of the GAN model itself, two major limitations include difficulty in training
and the mode collapse problem: the former limitation is that the convergence of the GAN
model is substantially unstable and laborious during the training process [90]; the latter
limitation is that the GAN model is infeasible to handle the multimodal distributions of
the real data during the training process [91].

It should be emphasized that the following limitations may be caused by not only
deep learning models but also the conventional machine learning algorithms. First, the
performance of deep learning models would be fairly inadequate due to the small sam-
ple size and high dimensionality of neuroimaging/genomics data [31]. Second, image
preprocessing is a critical issue (i.e., computer hardware limitations) as it requires intense
computational resources (e.g., GPUs and memory) [5]. Yet, another limitation is that it is
particularly challenging to comprehend the underlying meaning of deep learning models.
Currently, deep learning models such as the CNN model are viewed as “black boxes”,
which are usually problematic to interpret and thereby cause issues in the field of healthcare,
especially [92]. It is evident that inherently interpretable deep learning models, instead of
black boxes, are warranted [92]; therefore, we could determine explainable characteristics
identified by deep learning models.

It should be noted that the following open challenges and emerging problems may be
attributed to not only deep learning models but also the conventional machine learning
algorithms. In terms of the diagnosis and prediction of AD with neuroimaging and ge-
nomics using deep learning models, one main open challenge and emerging problem is that
open-source software platforms/packages are critically warranted because of importance
in software replicability and reusability [93]. Secondly, universal benchmarking frame-
works (e.g., benchmark databases, benchmark models, image preprocessing pipelines,
and cross-validation procedures) are lacking and challenging to date in the diagnosis and
prediction of AD with neuroimaging and genomics using deep learning models. Thirdly, it
could be very challenging and problematic to compare a proposed model with other exiting
deep learning and machine learning models, which is often lacking in the aforementioned
research studies.

In terms of the GAN model itself, two main open challenges and emerging problems
include the instability issue and the mode collapse issue, as mentioned previously. The
former one is to resolve the instability issue in the generative and discriminative network
modules, where the cost functions constantly fail to converge during the training pro-
cess [90]. The latter is to tackle the mode collapse issue, in particular when multimodal
distributions are extraordinarily sophisticated in the real data [91].

Finally, only a handful of investigations have been conducted to date by using deep
learning models in the interdisciplinary fields of the diagnosis and prediction of AD,
neuroimaging genomics, and deep learning. It is strongly anticipated that more and
more investigations will conduct the diagnosis and prediction of AD with neuroimaging
genomics using deep learning models. Because of our goal in this review, only the diagnosis
and prediction of AD with neuroimaging genomics using deep learning models have
been depicted. Although in the present review we only present several research reports
describing the relevant deep learning models in this application, it is strongly anticipated
that deep learning models would be applied to other research areas in AD research such
as dimensionality reduction, biological image analysis, and feature extraction in the near
future [8].

8. Other Relevant Applications in Neuroimaging Genomics

In the previous sections, we describe a wide variety of research studies for the diag-
nosis and prediction of AD using various deep learning approaches. While this review
does not intend to cover all studied that have been reported in an exhaustive manner, it
nevertheless is representative of the general trend for current research in the diagnosis and
prediction of AD using deep learning models. However, it is arguable that what applica-
tions could likely be considered as the focus of attention in the fields of AD research and
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neuroimaging genomics nowadays. The reader can refer to reviews by Medland et al. [94]
and Shen et al. [95] for other relevant research studies in neuroimaging genomics using the
conventional statistical approaches (e.g., multivariate regression models), which are not
the focus of this review.

For example, in the context of neuroimaging genomics, a recent study proposed
a latent representation learning approach for the diagnosis of AD using neuroimaging
data (i.e., PET images, MRI images) and genetic variants (i.e., SNPs) [96]. Their latent
representation learning approach was based on the concept of the augmented Lagrange
multiplier [97], which is generally used to solve nonlinear optimization problems. Their
findings showed that the model with all the three modalities (i.e., PET images, MRI images,
and SNPs) outperformed any model with any combination of two modalities [96].

9. Conclusions and Perspectives

In brief, the present study has addressed some key issues in the aforementioned re-
search studies, including a lack of large-scale universal/standardized benchmark databases,
the absence of standardized benchmark models, without the utilization of cross-validation
procedures, computer hardware limitations, without interpretability for deep learning
models, a lack of open-source software platforms/packages, and the instability and the
mode collapse issues for the GAN model, to name a few.

One of the contributions of the present study is that we outline the major points
(e.g., models, data, tasks, databases, cross-validation procedures used, sample size, and
performance) of the aforementioned research studies for the diagnosis and prediction of
AD using various deep learning-based models. Second, we draw the connection between
the aforementioned research studies by summarizing the similarities and differences of
these investigations. Moreover, we depict some essential issues, open challenges, and
emerging problems in these aforementioned research studies.

The practical implications of this research are twofold: first, it provides insights into
aspects of deep learning models with neuroimaging and genomics data in AD prediction;
and second, it demonstrates how deep learning models can facilitate the diagnosis and
prediction of AD using neuroimaging and genomics data.

In conclusion, deep learning models with neuroimaging and genomics clarify to
extend innovative techniques for the diagnosis and prediction of AD as indicated by the
aforementioned findings. In the context of neuroimaging genomics, it is of great clinical
importance that future prospective research investigations should target deep learning
models to detect AD, which may contribute to feasible personalized medicine solutions
in the fields of global health, public health, and population health. In consideration
of the vital needs of novel techniques, deep learning models will be clearly developed
towards the arena of AD research and neuroimaging genomics in the fields of global health,
public health, and population health [98]. Therefore, we would anticipate that the current
advances in disease diagnosis technologies and data-intensive healthcare science may
undoubtedly take advantage of innovative deep learning models with neuroimaging and
genomics for the fields of global health, public health, and population health during the
next few years [99,100]. As a consequence, the general public and governments would
have to address open challenges and emerging issues with significant preferences in the
upcoming years [101-103]. In the next decade to come, the diagnosis and prediction
of AD concerning deep learning models with neuroimaging and genomics would be
materialized for target-specific therapeutics in personalized medicine when prospective
large-scale investigations are able to extensively appraise the relevant novel neuroimaging
and genomics features [104-106].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ijms22157911/s1, Figure S1: PRISMA flow diagram.

Funding: This work was supported by National Health Research Institutes, Taiwan (NHRI-EX110-
10816NC), Ministry of Science and Technology in Taiwan (MOST 109-2628-B-182A-002; MOST


https://www.mdpi.com/article/10.3390/ijms22157911/s1
https://www.mdpi.com/article/10.3390/ijms22157911/s1

Int. . Mol. Sci. 2021, 22, 7911 17 of 20

110-2314-B-182A-048), Chang Gung Memorial Hospital (CMRPG8G1391, CMRPG8K1161, CM-
RPG8K1461), and China Medical University Hospital (DMR-HHC-110-9).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kumar, A.; Singh, A. A review on Alzheimer’s disease pathophysiology and its management: An update. Pharmacol. Rep. 2015,
67,195-203. [CrossRef]

2. Veitch, D.P,; Weiner, M.W.; Aisen, P.S.; Beckett, L.A.; Cairns, N.J.; Green, R.C.; Harvey, D.; Jack, C.R,, Jr.; Jagust, W.; Morris, J.C.
Understanding disease progression and improving Alzheimer’s disease clinical trials: Recent highlights from the Alzheimer’s
Disease Neuroimaging Initiative. Alzheimers Dement. 2019, 15, 106-152. [CrossRef]

3. Andrews, S.J.; Fulton-Howard, B.; Goate, A. Interpretation of risk loci from genome-wide association studies of Alzheimer’s
disease. Lancet Neurol. 2020, 19, 326-335. [CrossRef]

4.  Tanveer, M,; Richhariya, B.; Khan, R.; Rashid, A.; Khanna, P.; Prasad, M.; Lin, C. Machine learning techniques for the diagnosis of
Alzheimer’s disease: A review. ACM Trans. Multimed. Comput. Commun. Appl. (TOMM) 2020, 16, 1-35. [CrossRef]

5. Khan, P; Kader, M.E; Islam, S.R.; Rahman, A.B.; Kamal, M.S.; Toha, M.U.; Kwak, K.-S. Machine Learning and Deep Learning
Approaches for Brain Disease Diagnosis: Principles and Recent Advances. IEEE Access 2021, 9, 37622-37655. [CrossRef]

6. LeCun, Y.; Bengio, Y,; Hinton, G. Deep learning. Nature 2015, 521, 436—444. [CrossRef]

7. Hinton, G. Deep learning—A technology with the potential to transform health care. JAMA 2018, 320, 1101-1102. [CrossRef]

8. Lin, E; Lin, C.-H.; Lane, H.-Y. Relevant applications of generative adversarial networks in drug design and discovery: Molecular
de novo design, dimensionality reduction, and de novo peptide and protein design. Molecules 2020, 25, 3250. [CrossRef]

9. Al F; El-Sappagh, S.; Islam, S.R.,; Kwak, D.; Ali, A.; Imran, M.; Kwak, K.-S. A smart healthcare monitoring system for heart
disease prediction based on ensemble deep learning and feature fusion. Inf. Fusion 2020, 63, 208-222. [CrossRef]

10. Srinivasu, P.N.; SivaSai, ].G.; Ijaz, M.F; Bhoi, A.K.; Kim, W.; Kang, J.J. Classification of skin disease using deep learning neural
networks with MobileNet V2 and LSTM. Sensors 2021, 21, 2852. [CrossRef] [PubMed]

11. Ching, T.; Himmelstein, D.S.; Beaulieu-Jones, B.K.; Kalinin, A.A.; Do, B.T.; Way, G.P.;; Ferrero, E.; Agapow, PM.; Zietz, M.;
Hoffman, M.M,; et al. Opportunities and obstacles for deep learning in biology and medicine. J. R. Soc. Interface 2018, 15, 144.
[CrossRef]

12.  Dana, D.; Gadhiya, S.V.; St Surin, L.G.; Li, D.; Naaz, E; Ali, Q.; Paka, L.; Yamin, M.A.; Narayan, M.; Goldberg, I.D.; et al. Deep
Learning in Drug Discovery and Medicine; Scratching the Surface. Molecules 2018, 23, 2384. [CrossRef]

13. Lin, E,; Kuo, PH,; Liu, Y.L,; Yu, YW,; Yang, A.C; Tsai, S.J. A Deep Learning Approach for Predicting Antidepressant Response in
Major Depression Using Clinical and Genetic Biomarkers. Front. Psychiatry 2018, 9, 290. [CrossRef] [PubMed]

14. Lin, E; Tsai, S.-]. Machine Learning in Neural Networks. In Frontiers in Psychiatry; Springer: Berlin/Heidelberg, Germany, 2019;
pp- 127-137.

15. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Prisma Group. Preferred reporting items for systematic reviews and meta-
analyses: The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

16. Raina, R.; Madhavan, A.; Ng, A.Y. Large-Scale Deep Unsupervised Learning Using Graphics Processors. In Proceedings of the
26th Annual International Conference on Machine Learning, Montreal, QC, Canada, 14-18 June 2009; pp. 873-880.

17.  Guo, Y,; Liu, Y;; Oerlemans, A.; Lao, S.; Wu, S.; Lew, M.S. Deep learning for visual understanding: A review. Neurocomputing 2016,
187,27-48. [CrossRef]

18.  Voulodimos, A.; Doulamis, N.; Doulamis, A.; Protopapadakis, E. Deep learning for computer vision: A brief review. Comput.
Intell. Neurosci. 2018, 2018, 7068349. [CrossRef] [PubMed]

19. Shrestha, A.; Mahmood, A. Review of deep learning algorithms and architectures. IEEE Access 2019, 7, 53040-53065. [CrossRef]

20. Zhao, Z.-Q.; Zheng, P,; Xu, S.-T.; Wu, X. Object detection with deep learning: A review. IEEE Trans. Neural Netw. Learn. Syst. 2019,
30, 3212-3232. [CrossRef]

21. Zhou, S.K.; Greenspan, H.; Davatzikos, C.; Duncan, J.S.; Van Ginneken, B.; Madabhushi, A.; Prince, J.L.; Rueckert, D.; Summers,
R.M. A review of deep learning in medical imaging: Imaging traits, technology trends, case studies with progress highlights, and
future promises. Proc. IEEE 2021, 109, 820-838. [CrossRef]

22. FEraslan, G.; Avsec, Z.; Gagneur, |.; Theis, EJ. Deep learning: New computational modelling techniques for genomics. Nat. Rev.
Genet. 2019, 20, 389—-403. [CrossRef]

23. Zou,].; Huss, M.; Abid, A.; Mohammadi, P.; Torkamani, A.; Telenti, A. A primer on deep learning in genomics. Nat. Genet. 2019,
51,12-18. [CrossRef] [PubMed]

24. Biswas, M.; Kuppili, V.; Saba, L.; Edla, D.R.; Suri, H.S.; Cuadrado-Godia, E.; Laird, ].R.; Marinhoe, R.T.; Sanches, ].M.;
Nicolaides, A. State-of-the-art review on deep learning in medical imaging. Front. Biosci. (Landmark Ed.) 2019, 24, 392-426.

25. Janke, J.; Castelli, M.; Popovi¢, A. Analysis of the proficiency of fully connected neural networks in the process of classifying
digital images. Benchmark of different classification algorithms on high-level image features from convolutional layers. Expert
Syst. Appl. 2019, 135, 12-38. [CrossRef]

26. Anwar, S.M.; Majid, M.; Qayyum, A.; Awais, M.; Alnowami, M.; Khan, M.K. Medical image analysis using convolutional neural

networks: A review. J. Med. Syst. 2018, 42, 1-13. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pharep.2014.09.004
http://doi.org/10.1016/j.jalz.2018.08.005
http://doi.org/10.1016/S1474-4422(19)30435-1
http://doi.org/10.1145/3344998
http://doi.org/10.1109/ACCESS.2021.3062484
http://doi.org/10.1038/nature14539
http://doi.org/10.1001/jama.2018.11100
http://doi.org/10.3390/molecules25143250
http://doi.org/10.1016/j.inffus.2020.06.008
http://doi.org/10.3390/s21082852
http://www.ncbi.nlm.nih.gov/pubmed/33919583
http://doi.org/10.1098/rsif.2017.0387
http://doi.org/10.3390/molecules23092384
http://doi.org/10.3389/fpsyt.2018.00290
http://www.ncbi.nlm.nih.gov/pubmed/30034349
http://doi.org/10.1371/journal.pmed.1000097
http://doi.org/10.1016/j.neucom.2015.09.116
http://doi.org/10.1155/2018/7068349
http://www.ncbi.nlm.nih.gov/pubmed/29487619
http://doi.org/10.1109/ACCESS.2019.2912200
http://doi.org/10.1109/TNNLS.2018.2876865
http://doi.org/10.1109/JPROC.2021.3054390
http://doi.org/10.1038/s41576-019-0122-6
http://doi.org/10.1038/s41588-018-0295-5
http://www.ncbi.nlm.nih.gov/pubmed/30478442
http://doi.org/10.1016/j.eswa.2019.05.058
http://doi.org/10.1007/s10916-018-1088-1
http://www.ncbi.nlm.nih.gov/pubmed/30298337

Int. . Mol. Sci. 2021, 22, 7911 18 of 20

27.

28.

29.

30.

31.

32.
33.

34.
35.
36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Rawat, W.; Wang, Z. Deep convolutional neural networks for image classification: A comprehensive review. Neural Comput. 2017,
29, 2352-2449. [CrossRef]

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Las Vega, NV, USA, 27-30 June 2016; pp. 770-778.

Goodfellow, I.; Pouget-Abadie, J.; Mirza, M.; Xu, B.; Warde-Farley, D.; Ozair, S.; Courville, A.; Bengio, Y. Generative adversarial
nets. In Proceedings of the Advances in Neural Information Processing Systems, Montreal, QC, Canada, 8-13 December 2014; pp.
2672-2680.

Alqgahtani, H.; Kavakli-Thorne, M.; Kumar, G. Applications of generative adversarial networks (GANs): An updated review.
Arch. Comput. Methods Eng. 2021, 28, 525-552. [CrossRef]

Lan, L.; You, L.; Zhang, Z.; Fan, Z.; Zhao, W.; Zeng, N.; Chen, Y.; Zhou, X. Generative Adversarial Networks and Its Applications
in Biomedical Informatics. Front. Public Health 2020, 8, 164. [CrossRef]

Arjovsky, M.; Chintala, S.; Bottou, L. Wasserstein gan. arXiv 2017, arXiv:1701.07875.

Gulrajani, I.; Ahmed, E; Arjovsky, M.; Dumoulin, V.; Courville, A.C. Improved training of wasserstein gans. In Proceedings of the
Advances in Neural Information Processing Systems, Long Beach, CA, USA, 4-9 December 2017; pp. 5767-5777.

Kingma, D.P; Welling, M. Auto-encoding variational bayes. arXiv 2013, arXiv:1312.6114.

Makhzani, A.; Shlens, J.; Jaitly, N.; Goodfellow, L; Frey, B. Adversarial autoencoders. arXiv 2015, arXiv:1511.05644.

Lin, E.; Mukherjee, S.; Kannan, S. A deep adversarial variational autoencoder model for dimensionality reduction in single-cell
RNA sequencing analysis. BMC Bioinform. 2020, 21, 1-11. [CrossRef]

Akhavan Aghdam, M.; Sharifi, A.; Pedram, M.M. Combination of rs-fMRI and sMRI Data to Discriminate Autism Spectrum
Disorders in Young Children Using Deep Belief Network. J. Digit. Imaging 2018, 31, 895-903. [CrossRef]

Hinton, G.E.; Osindero, S.; Teh, Y.-W. A fast learning algorithm for deep belief nets. Neural Comput. 2006, 18, 1527-1554. [CrossRef]
Ji, N.-N.; Zhang, ] .-S.; Zhang, C.-X. A sparse-response deep belief network based on rate distortion theory. Pattern Recognit. 2014,
47,3179-3191. [CrossRef]

Maj, C.; Azevedo, T.; Giansanti, V.; Borisov, O.; Dimitri, G.M.; Spasov, S.; Li6, P; Merelli, I.; Alzheimer’s Disease Neuroimaging
Initiative. Integration of machine learning methods to dissect genetically imputed transcriptomic profiles in Alzheimer’s disease.
Front. Genet. 2019, 10, 726. [CrossRef] [PubMed]

Lee, T,; Lee, H. Prediction of Alzheimer’s disease using blood gene expression data. Sci. Rep. 2020, 10, 1-13. [CrossRef] [PubMed]
Park, J.; Kim, H.; Kim, J.; Cheon, M. A practical application of generative adversarial networks for RNA-seq analysis to predict
the molecular progress of Alzheimer’s disease. PLoS Comput. Biol. 2020, 16, €1008099. [CrossRef] [PubMed]

Kim, S.-H.; Yang, S.; Lim, K.-H.; Ko, E.; Jang, H.-J.; Kang, M.; Suh, P-G.; Joo, J.-Y. Prediction of Alzheimer’s disease-specific
phospholipase ¢ gamma-1 SNV by deep learning-based approach for high-throughput screening. Proc. Natl. Acad. Sci. USA 2021,
118, €2011250118. [CrossRef] [PubMed]

Park, C.; Ha, J.; Park, S. Prediction of Alzheimer’s disease based on deep neural network by integrating gene expression and
DNA methylation dataset. Expert Syst. Appl. 2020, 140, 112873. [CrossRef]

Ju, R.; Hu, C; Zhou, P; Li, Q. Early Diagnosis of Alzheimer’s Disease Based on Resting-State Brain Networks and Deep Learning.
IEEE/ACM Trans. Comput. Biol. Bioinform. 2017, 16, 244-257. [CrossRef] [PubMed]

Shen, T; Jiang, J.; Lu, J.; Wang, M.; Zuo, C.; Yu, Z.; Yan, Z. Predicting Alzheimer Disease from mild cognitive impairment with
a deep belief network based on 18F-FDG-PET Images. Mol. Imaging 2019, 18, 1536012119877285. [CrossRef] [PubMed]

Zhou, P; Jiang, S.; Yu, L.; Feng, Y.; Chen, C.; Li, F; Liu, Y.; Huang, Z. Use of a sparse-response deep belief network and extreme
learning machine to discriminate levels of cognitive impairment due to Alzheimer’s Disease based on amyloid PET/MRI images.
Front. Med. 2020, 7, 987.

Ning, K.; Chen, B.; Sun, F.; Hobel, Z.; Zhao, L.; Matloff, W.; Toga, A.W.; Alzheimer’s Disease Neuroimaging Initiative. Classifying
Alzheimer’s disease with brain imaging and genetic data using a neural network framework. Neurobiol. Aging 2018, 68, 151-158.
[CrossRef] [PubMed]

Zhou, T,; Thung, K.H.; Zhu, X.; Shen, D. Effective feature learning and fusion of multimodality data using stage-wise deep neural
network for dementia diagnosis. Hum. Brain Mapp. 2019, 40, 1001-1016. [CrossRef] [PubMed]

Zhou, J.; Hu, L,; Jiang, Y.; Liu, L. A correlation analysis between SNPs and ROIs of Alzheimer’s disease based on deep learning.
BioMed Res. Int. 2021, 2021, 8890513. [CrossRef] [PubMed]

Parihar, M.S.; Brewer, G.J. Amyloid-f as a modulator of synaptic plasticity. J. Alzheimers Dis. 2010, 22, 741-763. [CrossRef]
Jaganathan, K.; Panagiotopoulou, S.K.; McRae, ].F,; Darbandi, S.E.; Knowles, D.; Li, Y.I.; Kosmicki, J.A.; Arbelaez, J.; Cui, W,;
Schwartz, G.B. Predicting splicing from primary sequence with deep learning. Cell 2019, 176, 535-548. [CrossRef] [PubMed]
Yang, Y.R.; Jung, J.; Kim, S.; Hamada, K.; Suzuki, A.; Kim, H.; Lee, J.; Kwon, O.; Lee, Y.; Kim, ]J. Forebrain-specific ablation of
phospholipase Cy1 causes manic-like behavior. Mol. Psychiatry 2017, 22, 1473-1482. [CrossRef]

Rowe, C.C.; Bourgeat, P; Ellis, K.A.; Brown, B.; Lim, Y.Y.; Mulligan, R.; Jones, G.; Maruff, P.; Woodward, M.; Price, R. Predicting
Alzheimer disease with 3-amyloid imaging: Results from the Australian imaging, biomarkers, and lifestyle study of ageing. Ann.
Neurol. 2013, 74, 905-913. [CrossRef]

Marcus, D.S.; Wang, T.H.; Parker, J.; Csernansky, J.G.; Morris, J.C.; Buckner, R.L. Open Access Series of Imaging Studies (OASIS):
Cross-sectional MRI data in young, middle aged, nondemented, and demented older adults. J. Cogn. Neurosci. 2007, 19, 1498-1507.
[CrossRef] [PubMed]


http://doi.org/10.1162/neco_a_00990
http://doi.org/10.1007/s11831-019-09388-y
http://doi.org/10.3389/fpubh.2020.00164
http://doi.org/10.1186/s12859-020-3401-5
http://doi.org/10.1007/s10278-018-0093-8
http://doi.org/10.1162/neco.2006.18.7.1527
http://doi.org/10.1016/j.patcog.2014.03.025
http://doi.org/10.3389/fgene.2019.00726
http://www.ncbi.nlm.nih.gov/pubmed/31552082
http://doi.org/10.1038/s41598-020-60595-1
http://www.ncbi.nlm.nih.gov/pubmed/32103140
http://doi.org/10.1371/journal.pcbi.1008099
http://www.ncbi.nlm.nih.gov/pubmed/32706788
http://doi.org/10.1073/pnas.2011250118
http://www.ncbi.nlm.nih.gov/pubmed/33397809
http://doi.org/10.1016/j.eswa.2019.112873
http://doi.org/10.1109/TCBB.2017.2776910
http://www.ncbi.nlm.nih.gov/pubmed/29989989
http://doi.org/10.1177/1536012119877285
http://www.ncbi.nlm.nih.gov/pubmed/31552787
http://doi.org/10.1016/j.neurobiolaging.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29784544
http://doi.org/10.1002/hbm.24428
http://www.ncbi.nlm.nih.gov/pubmed/30381863
http://doi.org/10.1155/2021/8890513
http://www.ncbi.nlm.nih.gov/pubmed/33628827
http://doi.org/10.3233/JAD-2010-101020
http://doi.org/10.1016/j.cell.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30661751
http://doi.org/10.1038/mp.2016.261
http://doi.org/10.1002/ana.24040
http://doi.org/10.1162/jocn.2007.19.9.1498
http://www.ncbi.nlm.nih.gov/pubmed/17714011

Int. . Mol. Sci. 2021, 22, 7911 19 of 20

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Iwatsubo, T. Japanese Alzheimer’s Disease Neuroimaging Initiative: Present status and future. Alzheimers Dement. 2010, 6,
297-299. [CrossRef] [PubMed]

Hendrix, ].A.; Finger, B.; Weiner, M.W.,; Frisoni, G.B.; Iwatsubo, T.; Rowe, C.C.; Kim, S.Y.; Guinjoan, S.M.; Sevlever, G.; Carrillo,
M.C. The worldwide Alzheimer’s disease neuroimaging initiative: An update. Alzheimers Dement. 2015, 11, 850-859. [CrossRef]
[PubMed]

Fonseka, T.M.; MacQueen, G.M.; Kennedy, S.H. Neuroimaging biomarkers as predictors of treatment outcome in major depressive
disorder. J. Affect. Disord. 2018, 233, 21-35. [CrossRef] [PubMed]

Kang, S.-G.; Cho, S.-E. Neuroimaging Biomarkers for Predicting Treatment Response and Recurrence of Major Depressive
Disorder. Int. ]. Mol. Sci. 2020, 21, 2148. [CrossRef] [PubMed]

Hariri, A.R.; Drabant, E.M.; Weinberger, D.R. Imaging genetics: Perspectives from studies of genetically driven variation in
serotonin function and corticolimbic affective processing. Biol. Psychiatry 2006, 59, 888-897. [CrossRef]

Rabl, U.; Scharinger, C.; Miiller, M.; Pezawas, L. Imaging genetics: Implications for research on variable antidepressant drug
response. Expert Rev. Clin. Pharmacol. 2010, 3, 471-489. [CrossRef] [PubMed]

Mufford, M.S,; Stein, D.J.; Dalvie, S.; Groenewold, N.A.; Thompson, PM.; Jahanshad, N. Neuroimaging genomics in psychiatry—
A translational approach. Genome Med. 2017, 9, 1-12. [CrossRef] [PubMed]

Thompson, PM.; Stein, ].L.; Medland, S.E.; Hibar, D.P.; Vasquez, A.A.; Renteria, M.E.; Toro, R.; Jahanshad, N.; Schumann, G;
Franke, B. The ENIGMA Consortium: Large-scale collaborative analyses of neuroimaging and genetic data. Brain Imaging Behav.
2014, 8, 153-182. [CrossRef]

Gottesman, LI; Gould, T.D. The endophenotype concept in psychiatry: Etymology and strategic intentions. Am. J. Psychiatry
2003, 160, 636-645. [CrossRef]

Meyer-Lindenberg, A.; Weinberger, D.R. Intermediate phenotypes and genetic mechanisms of psychiatric disorders. Nat. Rev.
Neurosci. 2006, 7, 818-827. [CrossRef] [PubMed]

Viviani, R.; Lehmann, M.L.; Sting], ].C. Use of magnetic resonance imaging in pharmacogenomics. Br. J. Clin. Pharmacol. 2014, 77,
684-694. [CrossRef] [PubMed]

Braskie, M.N.; Ringman, ].M.; Thompson, PM. Neuroimaging measures as endophenotypes in Alzheimer’s disease. Int. |.
Alzheimers Dis. 2011, 2011, 490140. [CrossRef] [PubMed]

Chung, J.; Wang, X.; Maruyama, T.; Ma, Y.; Zhang, X.; Mez, ].; Sherva, R.; Takeyama, H.; Lunetta, K.L.; Farrer, L.A. Genome-wide
association study of Alzheimer’s disease endophenotypes at prediagnosis stages. Alzheimers Dement. 2018, 14, 623—-633. [CrossRef]
[PubMed]

Carter, C.S.; Bearden, C.E.; Bullmore, E.T.; Geschwind, D.H.; Glahn, D.C.; Gur, R.E.; Meyer-Lindenberg, A.; Weinberger, D.R.
Enhancing the informativeness and replicability of imaging genomics studies. Biol. Psychiatry 2017, 82, 157-164. [CrossRef]
[PubMed]

Pereira, L.P,; Kohler, C.A.; Stubbs, B.; Miskowiak, K.W.; Morris, G.; de Freitas, B.P.; Thompson, T.; Fernandes, B.S.; Brunoni, A.R,;
Maes, M. Imaging genetics paradigms in depression research: Systematic review and meta-analysis. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2018, 86, 102-113. [CrossRef] [PubMed]

Wang, H.; Nie, F; Huang, H.; Risacher, S.; Ding, C.; Saykin, A.J.; Shen, L. Sparse multi-task regression and feature selection to
identify brain imaging predictors for memory performance. In Proceedings of the 2011 International Conference on Computer
Vision, Barcelona, Spain, 6-13 November 2011; pp. 557-562.

Evgeniou, A.; Pontil, M. Multi-task feature learning. Adv. Neural Inf. Process. Syst. 2007, 19, 41.

Wang, H.; Nie, F; Huang, H.; Yan, J.; Kim, S.; Risacher, S.; Saykin, A.; Shen, L. High-order multi-task feature learning to
identify longitudinal phenotypic markers for alzheimer’s disease progression prediction. Adv. Neural Inf. Process. Syst. 2012, 25,
1277-1285.

Coleman, C.; Narayanan, D.; Kang, D.; Zhao, T.; Zhang, ].; Nardi, L.; Bailis, P.; Olukotun, K.; Ré, C.; Zaharia, M. Dawnbench:
An end-to-end deep learning benchmark and competition. Training 2017, 100, 102.

Wu, Z.; Ramsundar, B.; Feinberg, E.N.; Gomes, J.; Geniesse, C.; Pappu, A.S.; Leswing, K; Pande, V. MoleculeNet: A benchmark
for molecular machine learning. Chem. Sci. 2018, 9, 513-530. [CrossRef]

Costello, J.C.; Heiser, L.M.; Georgii, E.; Gonen, M.; Menden, M.P.; Wang, N.J.; Bansal, M.; Hintsanen, P.; Khan, S.A.; Mpindi, ].-P.
A community effort to assess and improve drug sensitivity prediction algorithms. Nat. Biotechnol. 2014, 32, 1202. [CrossRef]
[PubMed]

Wen, J.; Thibeau-Sutre, E.; Diaz-Melo, M.; Samper-Gonzdlez, |.; Routier, A.; Bottani, S.; Dormont, D.; Durrleman, S.; Burgos, N.;
Colliot, O. Convolutional neural networks for classification of Alzheimer’s disease: Overview and reproducible evaluation. Med.
Image Anal. 2020, 63, 101694. [CrossRef]

Dufumier, B.; Gori, P; Battaglia, I.; Victor, J.; Grigis, A.; Duchesnay, E. Benchmarking CNN on 3D Anatomical Brain MRI:
Architectures, Data Augmentation and Deep Ensemble Learning. arXiv 2021, arXiv:2106.01132.

Tagaris, A.; Kollias, D.; Stafylopatis, A.; Tagaris, G.; Kollias, S. Machine learning for neurodegenerative disorder diagnosis—survey
of practices and launch of benchmark dataset. Int. J. Artif. Intell. Tools 2018, 27, 1850011. [CrossRef]

Mysinger, M.M.; Carchia, M.; Irwin, ].J.; Shoichet, B.K. Directory of useful decoys, enhanced (DUD-E): Better ligands and decoys
for better benchmarking. J. Med. Chem. 2012, 55, 6582—-6594. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jalz.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20451880
http://doi.org/10.1016/j.jalz.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26194318
http://doi.org/10.1016/j.jad.2017.10.049
http://www.ncbi.nlm.nih.gov/pubmed/29150145
http://doi.org/10.3390/ijms21062148
http://www.ncbi.nlm.nih.gov/pubmed/32245086
http://doi.org/10.1016/j.biopsych.2005.11.005
http://doi.org/10.1586/ecp.10.35
http://www.ncbi.nlm.nih.gov/pubmed/22111678
http://doi.org/10.1186/s13073-017-0496-z
http://www.ncbi.nlm.nih.gov/pubmed/29179742
http://doi.org/10.1007/s11682-013-9269-5
http://doi.org/10.1176/appi.ajp.160.4.636
http://doi.org/10.1038/nrn1993
http://www.ncbi.nlm.nih.gov/pubmed/16988657
http://doi.org/10.1111/bcp.12197
http://www.ncbi.nlm.nih.gov/pubmed/23802603
http://doi.org/10.4061/2011/490140
http://www.ncbi.nlm.nih.gov/pubmed/21547229
http://doi.org/10.1016/j.jalz.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29274321
http://doi.org/10.1016/j.biopsych.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27793332
http://doi.org/10.1016/j.pnpbp.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29778546
http://doi.org/10.1039/C7SC02664A
http://doi.org/10.1038/nbt.2877
http://www.ncbi.nlm.nih.gov/pubmed/24880487
http://doi.org/10.1016/j.media.2020.101694
http://doi.org/10.1142/S0218213018500112
http://doi.org/10.1021/jm300687e
http://www.ncbi.nlm.nih.gov/pubmed/22716043

Int. . Mol. Sci. 2021, 22, 7911 20 of 20

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Sun, J.; Jeliazkova, N.; Chupakhin, V.; Golib-Dzib, J.-F; Engkvist, O.; Carlsson, L.; Wegner, ]J.; Ceulemans, H.; Georgiev, I.;
Jeliazkov, V. ExCAPE-DB: An integrated large scale dataset facilitating Big Data analysis in chemogenomics. . Cheminformatics
2017, 9, 17. [CrossRef] [PubMed]

Lin, E.; Lin, C.-H.; Hung, C.-C.; Lane, H.-Y. An ensemble approach to predict schizophrenia using protein data in the N-methyl-
D-aspartate receptor (NMDAR) and tryptophan catabolic pathways. Front. Bioeng. Biotechnol. 2020, 8, 569. [CrossRef]

Jiao, Y;; Du, P. Performance measures in evaluating machine learning based bioinformatics predictors for classifications. Quant.
Biol. 2016, 4, 320-330. [CrossRef]

Lin, E; Lin, C.-H.; Lane, H.-Y. Applying a bagging ensemble machine learning approach to predict functional outcome of
schizophrenia with clinical symptoms and cognitive functions. Sci. Rep. 2021, 11, 1-9.

Lin, E.; Lin, C.-H.; Lane, H.-Y. Prediction of functional outcomes of schizophrenia with genetic biomarkers using a bagging
ensemble machine learning method with feature selection. Sci. Rep. 2021, 11, 1-8.

Huang, L.-C.; Hsu, S.-Y,; Lin, E. A comparison of classification methods for predicting Chronic Fatigue Syndrome based on
genetic data. . Transl. Med. 2009, 7, 81. [CrossRef] [PubMed]

Wong, T.-T. Performance evaluation of classification algorithms by k-fold and leave-one-out cross validation. Pattern Recognit.
2015, 48, 2839-2846. [CrossRef]

Mayr, A.; Klambauer, G.; Unterthiner, T.; Steijaert, M.; Wegner, ].K.; Ceulemans, H.; Clevert, D.-A.; Hochreiter, S. Large-scale
comparison of machine learning methods for drug target prediction on ChEMBL. Chem. Sci. 2018, 9, 5441-5451. [CrossRef]
Gawehn, E.; Hiss, ].A.; Schneider, G. Deep learning in drug discovery. Mol. Inform. 2016, 35, 3-14. [CrossRef]

Salimans, T.; Goodfellow, I.; Zaremba, W.; Cheung, V.; Radford, A.; Chen, X. Improved techniques for training gans. In
Proceedings of the Advances in Neural Information Processing Systems, Barcelona, Spain, 5-10 December 2016; pp. 2234-2242.
Srivastava, A.; Valkov, L.; Russell, C.; Gutmann, M.U.; Sutton, C. Veegan: Reducing mode collapse in gans using implicit
variational learning. In Proceedings of the Advances in Neural Information Processing Systems, Long Beach, CA, USA, 4-9
December 2017; pp. 3308-3318.

Rudin, C. Stop explaining black box machine learning models for high stakes decisions and use interpretable models instead. Nat.
Mach. Intell. 2019, 1, 206-215. [CrossRef]

Gibson, E.; Li, W,; Sudre, C.; Fidon, L.; Shakir, D.I,; Wang, G.; Eaton-Rosen, Z.; Gray, R.; Doel, T.; Hu, Y. NiftyNet: A deep-learning
platform for medical imaging. Comput. Methods Programs Biomed. 2018, 158, 113-122. [CrossRef] [PubMed]

Medland, S.E.; Jahanshad, N.; Neale, B.M.; Thompson, P.M. Whole-genome analyses of whole-brain data: Working within
an expanded search space. Nat. Neurosci. 2014, 17, 791-800. [CrossRef] [PubMed]

Shen, L.; Thompson, P.M. Brain imaging genomics: Integrated analysis and machine learning. Proc. IEEE 2019, 108, 125-162.
[CrossRef] [PubMed]

Zhou, T; Liu, M.; Thung, K.-H.; Shen, D. Latent representation learning for Alzheimer’s disease diagnosis with incomplete
multi-modality neuroimaging and genetic data. IEEE Trans. Med. Imaging 2019, 38, 2411-2422. [CrossRef]

Del Bue, A.; Xavier, ].; Agapito, L.; Paladini, M. Bilinear modeling via augmented lagrange multipliers (balm). IEEE Trans. Pattern
Anal. Mach. Intell. 2011, 34, 1496-1508. [CrossRef]

Lin, E.; Lane, H.-Y. Machine learning and systems genomics approaches for multi-omics data. Biomark. Res. 2017, 5, 2. [CrossRef]
[PubMed]

Lin, E; Lin, C.-H; Lai, Y.-L.; Huang, C.-H.; Huang, Y.-J.; Lane, H.-Y. Combination of G72 genetic variation and G72 protein level
to detect schizophrenia: Machine learning approaches. Front. Psychiatry 2018, 9, 566. [CrossRef]

Lin, E.; Lin, C.-H.; Lane, H.-Y. Precision psychiatry applications with pharmacogenomics: Artificial intelligence and machine
learning approaches. Int. J. Mol. Sci. 2020, 21, 969. [CrossRef] [PubMed]

Guney, G,; Yigin, B.O.; Guven, N.; Alici, Y.H.; Colak, B.; Erzin, G.; Saygili, G. An Overview of Deep Learning Algorithms and
Their Applications in Neuropsychiatry. Clin. Psychopharmacol. Neurosci. 2021, 19, 206. [CrossRef] [PubMed]

Lin, E.; Kuo, P-H.; Lin, W.-Y;; Liu, Y.-L.; Yang, A.C.; Tsai, S.-J. Prediction of Probable Major Depressive Disorder in the Taiwan
Biobank: An Integrated Machine Learning and Genome-Wide Analysis Approach. |. Pers. Med. 2021, 11, 597. [CrossRef]
[PubMed]

Lane, H.-Y.; Tu, C.-H,; Lin, W.-C; Lin, C.-H. Brain activity of benzoate, a D-amino acid oxidase inhibitor, in patients with mild
cognitive impairment in a randomized, double-blind, placebo controlled clinical trial. Int. |. Neuropsychopharmacol. 2021, 24,
392-399. [CrossRef]

Lin, E.; Lin, C.-H.; Lane, H.-Y. Machine Learning and Deep Learning for the Pharmacogenomics of Antidepressant Treatments.
Clin. Psychopharmacol. Neurosci. 2021, in press.

Lin, E.;; Kuo, P-H,; Liu, Y.-L.; Yu, Y.W.-Y; Yang, A.C.; Tsai, S.-]. Prediction of antidepressant treatment response and remission
using an ensemble machine learning framework. Pharmaceuticals 2020, 13, 305. [CrossRef]

Raza, M.; Awais, M.; Ellahi, W.; Aslam, N.; Nguyen, H.X.; Le-Minh, H. Diagnosis and monitoring of Alzheimer’s patients using
classical and deep learning techniques. Expert Syst. Appl. 2019, 136, 353-364. [CrossRef]


http://doi.org/10.1186/s13321-017-0203-5
http://www.ncbi.nlm.nih.gov/pubmed/28316655
http://doi.org/10.3389/fbioe.2020.00569
http://doi.org/10.1007/s40484-016-0081-2
http://doi.org/10.1186/1479-5876-7-81
http://www.ncbi.nlm.nih.gov/pubmed/19772600
http://doi.org/10.1016/j.patcog.2015.03.009
http://doi.org/10.1039/C8SC00148K
http://doi.org/10.1002/minf.201501008
http://doi.org/10.1038/s42256-019-0048-x
http://doi.org/10.1016/j.cmpb.2018.01.025
http://www.ncbi.nlm.nih.gov/pubmed/29544777
http://doi.org/10.1038/nn.3718
http://www.ncbi.nlm.nih.gov/pubmed/24866045
http://doi.org/10.1109/JPROC.2019.2947272
http://www.ncbi.nlm.nih.gov/pubmed/31902950
http://doi.org/10.1109/TMI.2019.2913158
http://doi.org/10.1109/TPAMI.2011.238
http://doi.org/10.1186/s40364-017-0082-y
http://www.ncbi.nlm.nih.gov/pubmed/28127429
http://doi.org/10.3389/fpsyt.2018.00566
http://doi.org/10.3390/ijms21030969
http://www.ncbi.nlm.nih.gov/pubmed/32024055
http://doi.org/10.9758/cpn.2021.19.2.206
http://www.ncbi.nlm.nih.gov/pubmed/33888650
http://doi.org/10.3390/jpm11070597
http://www.ncbi.nlm.nih.gov/pubmed/34202750
http://doi.org/10.1093/ijnp/pyab001
http://doi.org/10.3390/ph13100305
http://doi.org/10.1016/j.eswa.2019.06.038

	Introduction 
	Methods 
	Deep Learning Models 
	Applications of Deep Learning Models 
	Variants of Deep Learning Models 
	Fully Connected Neural Networks (FNNs) 
	Convolutional Neural Networks (CNNs) 
	Generative Adversarial Networks (GANs) 
	Auto-Encoders 
	Deep Belief Networks (DBNs) 
	Recurrent Neural Networks (RNNs) 


	Research Studies in Genomics on the Prediction of AD Using Deep Learning 
	Integrated Deep Learning and Machine Learning Approach with Gene Expression 
	Fully Connected Neural Networks with Gene Expression 
	GANs with Gene Expression 
	Residual CNN with Gene Expression 
	Fully Connected Neural Networks with Gene Expression and DNA Methylation 

	Research Studies in Neuroimaging on the Prediction of AD Using Deep Learning 
	Auto-Encoders with MRI Images 
	Deep Belief Networks with PET Images 
	Sparse-Response Deep Belief Networks with PET and MRI Images 

	Research Studies in Neuroimaging Genomics on the Prediction of AD UsingDeep Learning 
	Fully Connected Neural Networks with Genetic Variants and MRI-Derived Brain Measures 
	Three-Stage FNNs with Genetic Variants, PET, and MRI 
	CNNs with Genetic Variants and MRI 

	Summaries and Limitations 
	Other Relevant Applications in Neuroimaging Genomics 
	Conclusions and Perspectives 
	References

